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breathing; respiratory plasticity ACUTE INTERMITTENT HYPOXIA (AIH) elicits plasticity in respiratory motor control (34, 41) , including long-term facilitation (LTF) of respiratory motor output (15, 32) . LTF was originally described as a prolonged increase in respiratory-related discharge in the phrenic nerve (phrenic LTF) of anesthetized cats or rats that persists for minutes to hours following episodic stimulation of the carotid sinus nerve (16, 18, 29 -31) or episodic hypoxia (4, 18) . AIH also induces LTF of pulmonary ventilation [ventilatory LTF (vLTF) ] in unanesthetized spontaneously breathing dogs (11) , goats (45) , ducks (33) , rats (25) (26) (27) (28) 38) , and mice (21, 44) . In general, vLTF in unanesthetized animals is more variable, requires more hypoxic episodes, and is of shorter duration than phrenic LTF in anesthetized preparations (for review see Ref. 32) . Breathing frequency (f) often contributes more to vLTF in unanesthetized animals [vs. amplitude in anesthetized preparations (9) ], raising some question as to whether vLTF and phrenic LTF share a common mechanism (41) . At least some inconsistencies in vLTF expression can be attributed to differences in the experimental preparation and/or protocol, such as poikilocapnia vs. isocapnia (38) , the prevailing arterial PCO 2 during baseline conditions (17, 19) , differences in vagal feedback (23) , or details of the hypoxic exposure protocol (25, 40) .
Vigilance state (i.e., wakefulness vs. sleep) might also play a critical role in vLTF expression. vLTF is not observed after ten 5-min hypoxic episodes in normal human subjects during wakefulness (20, 24) but is observed following the same AIH protocol in sleeping human subjects with inspiratory flow limitation (1-3) or following a more intense AIH protocol (ϳ15 Ͻ1-min hypoxic episodes) in normal sleeping human subjects (40) . By contrast, vLTF is expressed in unanesthetized mice during wakefulness and non-rapid eye movement (NREM) sleep, but there are differences in the pattern of vLTF expression between vigilance states (44) .
Our primary goal in the present study was to determine the impact of vigilance state on vLTF in unanesthetized rats, the species used most frequently in studies concerning cellular/ synaptic mechanisms of phrenic LTF (for reviews see Refs. 15, 22, 32) . Experiments were performed on Lewis rats, a strain with high constitutive phrenic LTF expression in anesthetized preparations (10) . After acclimatization to the plethysmography chamber, ventilation was measured in rats exposed to AIH or acute sustained hypoxia (ASH) while vigilance state was monitored. Since rats cycle through vigilance states fairly rapidly, measurements of ventilation during quiet wakefulness (QW) and light NREM and deep NREM (l-NREM and d-NREM) sleep were measured in the same protocol for individual rats before and after hypoxic exposures during d-NREM sleep, thus allowing state-dependent comparisons of vLTF within the same rats. Vigilance state had a profound influence on vLTF expression, with robust vLTF and greater tidal volume (VT) responses during d-NREM sleep than l-NREM sleep or QW. Thus, vLTF may be of greatest significance to ventilatory control during sleep or anesthesia.
METHODS
Experimental animals. Twelve adult, male Lewis rats (Harlan) were studied. The Animal Care and Use Committee of the School of Veterinary Medicine, University of Wisconsin, approved all experimental procedures.
Surgical preparation. At least 1 wk prior to initiation of an experimental protocol, rats were anesthetized with isoflurane in 100% O 2. An EEG-nuchal EMG (EEG/nEMG) appliance was attached to the rat's head, and a temperature telemeter (Mini-Mitter, Sun River, OR) was inserted into the rat's peritoneal cavity under aseptic conditions.
EEG and nEMG electrodes were placed as described previously (46) . Briefly, while the animals were in a stereotaxic apparatus, the muscles of the neck were exposed and displaced to allow skull access. Five 1/64th-in. holes were drilled for implantation of stainless steel screw EEG electrodes, which were soldered to Teflon-coated stainless steel wires (no. AS634, Cooner Wire, Chatsworth, CA). An exposed (1-2 mm) end of Teflon-coated stainless steel wire was sutured into a nuchal muscle with 4-0 silk. The wires were connected to a skullcap, which was securely mounted with dental acrylic. The wound was sutured closed around the skullcap. Skull electrodes were placed at the following coordinates: 1) two electrodes were placed 1 mm lateral to the midline and 1 and 4 mm rostral to lambda to enable recordings of hippocampal theta waves, 2) two electrodes were placed 4 mm lateral to midline and 1 and 4 mm rostral to lambda to enable recordings of cortical waves, and 3) one ground electrode was placed 2 mm rostral and 4 mm lateral to lambda.
After EEG and nEMG electrode implantation, a sterilized temperature transmitter (Mini-Mitter) was inserted into the peritoneal cavity to enable continuous measurements of body temperature. At the end of surgery, triple-antibiotic ointment was applied to incisions, and analgesic (buprenorphine) was administered (0.03 mg/kg sc) at 12-h intervals for 48 h postsurgery. Rats were visually monitored and weighed daily, and topical triple-antibiotic ointment was continued twice daily, as needed. Experiments were not initiated until rats resumed normal weight gain.
Ventilatory measurements. Flow-through, whole body plethysmography was used to measure ventilation and metabolism, as described previously (38) . Gas flowed through the chamber at 2 l/min (20.9% inspired O2, 100% humidity). Pressure changes relative to a reference chamber were measured (model PM15E, Statham Instruments, Hato Rey, Puerto Rico) and used to calculate f, VT, and minute ventilation (V E). Rat body temperature was measured continuously with the telemeters and was used to calculate volumes, as described previously (38) . Chamber temperature was 23.5-24.5°C. O 2 and CO2 concentrations in the chamber inflow and outflow gases were continuously monitored [model FCX-MV, Fujikura, Tokyo, Japan (O 2 sensor) and model LB-2, Beckman, Fullerton, CA (CO 2 sensor)], and the rates of O 2 consumption and CO2 production (V CO2) were calculated at 10-min intervals.
Assessment of sleep-wake states. Sleep-wake (vigilance) states were determined (before analysis of ventilation) by visual inspection of nEMG and EEG signals by an experienced analyst. Vigilance state was classified as follows: QW, l-NREM sleep, d-NREM sleep, or rapid eye movement (REM) sleep. Wakefulness was defined as a desynchronized, low-voltage, high-frequency EEG with large-amplitude EMG. Sniffing and other activity distorted the plethysmograph signals, and these records were not included in the analyses. d-NREM sleep was defined as a continuous, synchronized, low-frequency (Յ2 Hz) EEG with an amplitude two to three times greater than observed in QW. Periods of l-NREM sleep occurred during transitions between wakefulness and d-NREM sleep. REM sleep was characterized by desynchronized, low-voltage, high-frequency EEG with the lowest observed EMG amplitude. Periods when significant artifacts were observed in the EEG/nEMG recordings (Ͻ3% of recording time), which made the sleep-wake state difficult to determine, were omitted from analysis.
Experimental design. Once normal body mass increases resumed following surgery (Ͼ7 days), a sham experimental protocol was performed. At 7 AM on the experimental day, the rat was placed in the plethysmograph, loosely tethered to the EEG/nEMG recoding equipment, and allowed to acclimate. Pretreatment data acquisition began at ϳ10 AM. After at least three bouts of d-NREM sleep were confirmed (ϳ2 h later), sham treatment commenced during a period of d-NREM sleep. The sham protocol involved alternating flow between two tanks, each containing 20.9% O 2 (i.e., normoxia); gases were alternated using the pattern described for intermittent hypoxia (see below).
Sham experiments acclimated rats to experimental procedures and demonstrated a lack of ventilatory drift during continuous normoxia.
At Ն6 days after the initial sham study, 10 of the original 12 rats were exposed to AIH or ASH on a random basis. After Ն6 days, 9 of these 10 rats were exposed to the opposite protocol (e.g., AIH rats were exposed to ASH). The major reason rats were excluded from subsequent studies was deterioration of the electrode skullcap; skullcap viability improved once housing was modified to minimize contact between the skullcap and protuberances in their home cage. The exclusion of data from those rats did not affect the conclusions from this study (data not shown).
As with the sham protocols, rats were placed in the plethysmograph at 7 AM; pretreatment data acquisition began at ϳ10 AM. At least three bouts of d-NREM sleep were confirmed prior to initiation of hypoxic exposure protocols (ϳ2 h later). Hypoxia was always initiated during a d-NREM sleep cycle. Although rats generally aroused (i.e., QW) during the first hypoxic episode, arousals were less frequent in the second episode and were rarely observed in the third through fifth hypoxic episodes. The AIH protocol consisted of five 5-min episodes of 10.5% O2 interspersed with 5 min of 20.9% O2. ASH consisted of a continuous 25-min exposure to 10.5% O 2, which is equal to the total cumulative duration of hypoxia during the AIH protocol.
Data analyses. In each rat, data were grouped in 5-min periods during each sleep-wake state (QW and l-NREM, d-NREM, and REM sleep). Because minimal time (Ͻ10% of total) was spent in REM sleep, we do not report ventilatory data during this sleep state. Data obtained during the pretreatment period in each of the other vigilance states were used to calculate their respective baseline values. Posttreatment ventilatory data (V E, VT, f, and V E/V CO2) in each vigilance state were averaged from 0 to 20, 20 to 40, and 40 to 65 min posttreatment and then expressed as a ratio of the baseline specific to each vigilance state.
Data were analyzed by two-way ANOVA with a repeated-measures design and Fisher's least significant difference post hoc tests to make statistical inferences concerning individual differences among treatment groups (AIH, ASH, and sham protocols) in each vigilance state (d-NREM sleep, l-NREM sleep, and QW). Ventilatory measurements (V E, VT, f, and V E/V CO2) were compared among vigilance states during baseline conditions by one-way ANOVA followed by Fisher's least significant difference post hoc tests to compare individual groups. All data are expressed as means Ϯ SE. Statistical significance was accepted as P Ͻ 0.05.
RESULTS
Sleep-wake architecture. Table 1 summarizes the relative time spent in each vigilance state during normoxia before and after treatment protocols (AIH, ASH, and sham). The average length of the baseline period (132 Ϯ 9, 126 Ϯ 14, and 104 Ϯ 10 min in AIH, ASH, and sham, respectively) differed with each animal, because hypoxic stimulation was always initiated during d-NREM sleep (some rats took longer than others to reach that sleep state). Time spent in active wakefulness (e.g., sniffing, moving) is not included in the analysis, since we could not make reliable ventilatory measurements when the rats were active. After AIH, the fraction of time in d-NREM and REM sleep increased, whereas QW time decreased (all P Ͻ 0.05). There were no significant changes in time spent in these vigilance states following ASH or sham protocols (P Ͼ 0.05), suggesting that sleep architecture may be sensitive to the pattern of hypoxic exposure. However, we are hesitant to draw firm conclusions from these results, since there were unexpected differences in d-NREM sleep time during pretreatment baseline conditions among groups (43 Ϯ 6%, 37 Ϯ 4%, and 28 Ϯ 6% in sham, ASH, and AIH, respectively, P Ͻ 0.05).
Differences in ventilation among vigilance states. Ventilation during pretreatment baseline conditions differed among vigilance states (Fig. 1) . Specifically, V E was lower in d-NREM and REM sleep than in QW and l-NREM sleep (P Ͻ 0.05); V E was not different between d-NREM and REM sleep (P Ͼ 0.05). Decreases in VT and f contributed to decreased V E during d-NREM and REM sleep relative to QW (both P Ͻ 0.05), whereas only decreases in f contributed to decreased V E during d-NREM sleep relative to l-NREM sleep (P Ͻ 0.05; Fig. 1 ). We were unable to determine whether V E differences among vigilance states were associated with changes in metabolic rate, since V CO 2 measurements were made in 10-min epochs because of design limitations in our experimental setup.
Body temperature regulation. Pretreatment body temperatures were similar on each test day (37.9°C). During AIH and ASH protocols, body temperature progressively declined, reaching a nadir 10 -20 min posthypoxia. Peritoneal temperature reached a nadir ϳ0.6°C below baseline values during AIH protocols and Ͼ0.9°C below baseline during ASH protocols (Fig. 2) . By 20 min posthypoxia, peritoneal temperature began to return toward baseline, but recovery was not complete even at 60 min posthypoxia (0.3 and 0.5°C below baseline for AIH and ASH, respectively, P Ͻ 0.05). There were no significant changes in body temperature during sham protocols.
An important implication of these data is that failure to correct for changes in body temperature at the time of volume measurement (during or after AIH or ASH) will introduce systematic calibration (and, therefore, measurement) errors. For example, if volumes were calibrated using a body temperature measured before hypoxia or 65 min posthypoxia (when the rat was removed from the plethysmograph), volumes reported shortly following hypoxia would overestimate the actual VT, as described in the equations of Drorbaugh and Fenn (13) .
V E increases following AIH but not ASH. Posttreatment measurements of normalized V E are shown for AIH, ASH, and sham-treated rats during d-NREM sleep in Fig. 3 ; these values are expressed as a fraction of baseline measurements during 
Values are means Ϯ SE. QW, quite wakefulness; l-NREM, transition between QW and deep non-rapid eye movement (NREM) sleep; d-NREM, deep non-REM sleep; AIH, acute intermittent hypoxia (five 5-min hypoxic episodes separated by 5-min normoxic intervals); ASH, acute sustained hypoxia (a single 25-min hypoxic exposure); sham, continuous normoxia for an equivalent duration. Each treatment protocol was separated by Ն6 days in the same rat. Period during prehypoxic stimulation differed with each animal (132 Ϯ 9, 126 Ϯ 14, and 104 Ϯ 10 min for AIH, ASH, and sham, respectively), and period during posthypoxic stimulation in all protocols was 65 min. *Significantly different from Pre (P Ͻ 0.05).
following AIH (P Ͻ 0.05), but not ASH or sham treatments (P Ͼ 0.05), thus confirming that vLTF is due in part to increased VT in spontaneously breathing (and poikilocapnic) Lewis rats during d-NREM sleep. During d-NREM sleep, f slowly and progressively increased following AIH ( Fig. 5 ; P Ͻ 0.05), but not after ASH or sham treatment (P Ͼ 0.05). Thus, VT is the dominant contributor to vLTF shortly after AIH, whereas the relative contribution of increased f increases progressively until VT and f make approximately equal contributions 40 -65 min post-AIH (cf. Fig. 4A with Fig. 5A ).
vLTF is state-dependent. In l-NREM sleep, normalized V E was significantly greater than baseline by 40 -65 min post-AIH (P Ͻ 0.05), indicative of vLTF (Fig. 6A) . However, vLTF was smaller and more variable during l-NREM than d-NREM sleep (cf. Fig. 3A with Fig. 6A ) and was significant only during the last measurement period; no changes in V E were observed following ASH or sham treatment during l-NREM sleep (P Ͼ 0.05). Increased V E during l-NREM sleep following AIH appeared to be due to modest increases in f and VT (both P Ͻ 0.05), although increased VT following AIH was not significantly different from VT responses following ASH or sham treatment at the same time points (P Ͼ 0.05). Thus, although present during l-NREM sleep, vLTF is smaller and more variable and results from a ventilatory pattern that is different (i.e., greater relative f contribution) from that of d-NREM sleep.
In QW, normalized V E (Fig. 7A) was not significantly elevated above baseline at any time posttreatment (AIH, ASH, or sham; P Ͼ 0.05), although there was a small trend for values to be elevated following AIH alone. VT was slightly increased following AIH relative to baseline (P Ͻ 0.05; Fig. 7B ), but this effect was small and not significantly different from values following ASH or sham treatment. There were no apparent changes in f at any time post-AIH during QW. Thus, vLTF in male Lewis rats is robust in d-NREM sleep, less robust in l-NREM sleep, and minimal or absent during QW, suggesting a profound state dependence of vLTF in this experimental model.
V E/V CO 2 exhibits LTF during d-NREM sleep.
Since vigilance state-dependent changes in vLTF (Figs. 3, 6 , and 7) could conceivably be caused by uncontrolled changes in metabolic rate caused by the experimental treatments, V E/V CO 2 was assessed before and after AIH, ASH, and sham treatment. During d-NREM sleep, V E/V CO 2 was significantly elevated 30 -60 min post-AIH (36 Ϯ 2%, P Ͻ 0.05), confirming that hypoxia (AIH, OE), or acute sustained hypoxia (ASH, ' ) protocol. Peritoneal temperatures prior to any of the 3 treatments were not significantly different; overall baseline peritoneal temperature was 37.9 Ϯ 0.16°C (mean Ϯ SE, n ϭ 12). During AIH and ASH, peritoneal temperature significantly decreased relative to sham, and these values had not returned to baseline 1 h posttreatment. Increases in V E/V CO 2 associated with vLTF suggest that arterial PCO 2 decreased and, subsequently, minimized vLTF expression due to inhibitory chemoreceptor feedback (38) . The apparent vLTF is expected to have been greater if arterial isocapnia had been maintained, as reported previously in unanesthetized Sprague-Dawley rats (38) . In addition, since ASH was not associated with changes in V E/V CO 2 , vLTF pattern sensitivity is independent of differential effects on metabolic rate. There were no significant changes in estimates of V E/ V CO 2 in l-NREM sleep or QW, confirming that changes in metabolic rate do not account for state-dependent differences in vLTF expression.
DISCUSSION
Our results confirm that AIH elicits pattern-sensitive vLTF in unanesthetized, spontaneously breathing rats (25, 26, 38) , further demonstrating that LTF of respiratory motor output is not a unique feature of anesthetized, paralyzed, vagotomized, and ventilated animals (9, 15, 32) . More importantly, we demonstrate that vLTF exhibits profound state dependence in unanesthetized rats, with the greatest response during deep, slow-wave (i.e., d-NREM) sleep. Thus, vLTF may be of considerable relevance to ventilatory control during sleep, possibly ensuring adequate alveolar ventilation in conditions where the risk of repetitive (central or obstructive) apneas is high. However, the specific role of vLTF in modifying breathing during sleep, particularly in rats, remains to be determined (22) .
Vigilance state dependence of baseline ventilation. As expected, breathing was inhibited during sleep, with d-NREM and REM sleep causing the greatest depression (Fig. 1) . Historically, the effects of sleep on breathing have been discussed in terms of a "wakefulness drive," which is diminished on the transition from wakefulness to sleep (39) , but neural mechanisms contributing to the wakefulness drive are not known. Nevertheless, ventilation is reduced ϳ33% on the transition from QW to d-NREM and REM sleep.
Vigilance state dependence of vLTF. Previous studies suggest that vLTF is more difficult to elicit, is of shorter duration, and tends to involve greater frequency (vs. amplitude) responses in unanesthetized than anesthetized rats (cf. Refs. 9, 32). Although the rats were reported to be awake in each of these earlier studies, vigilance state was not explicitly monitored (25) (26) (27) (28) 38) , which may have increased observed variability. For example, if some animals had been awake while others were in l-NREM sleep during measurement periods, the apparent vLTF magnitude would be misleadingly high because of the combined data from wakefulness and l-NREM sleep. To the extreme, if the predominant vigilance state during baseline measurements is d-NREM sleep, whereas post-AIH measurements reflect predominantly QW, vLTF magnitude will be substantially overestimated. This overestimate would result from a normalization artifact induced when vLTF is calculated against the lower baseline value characteristic of d-NREM sleep (Fig. 1) . Conversely, if baseline measurements predominantly reflect QW, whereas post-AIH measurements reflect a greater fraction of time spent in d-NREM sleep, the magnitude of vLTF will be underestimated because of an artificially high relative baseline ventilation characteristic of QW (i.e., 33% higher than d-NREM; Fig. 1 ). By explicitly measuring vLTF during documented vigilance states in the present study, we presumably minimized variability attributable to heterogeneous vigilance states or normalization artifacts due to vigilance state differences between baseline and posttreatment measurement periods, although we cannot rule out subtle differences within our defined sleep states (e.g., shifts toward lighter d-NREM sleep after intermittent hypoxia).
The reasons that vLTF was not observed during wakefulness in this study on Lewis rats is not clear. The same plethysmograph and experimental protocol were used by us in the first published study demonstrating vLTF in awake Sprague-Dawley rats (38) , suggesting that the methods are sufficiently sensitive to detect vLTF if it is present. Possible contributors to the lack of vLTF during wakefulness in the present study include strain differences. There are major differences in phrenic LTF expression among rat strains (9, 10) , with Lewis rats exhibiting greater phrenic LTF than Sprague-Dawley, Fischer, or Brown Norway rats. There may be similar strain differences in the state sensitivity of vLTF in unanesthetized rats or in the ventilatory pattern adopted during vLTF (see below). Alternately, since AIH was initiated during d-NREM sleep, this may confer state specificity to subsequent vLTF. Finally, since none of the published accounts of vLTF in "awake" SpragueDawley rats documented vigilance state, some of the vLTF in these studies may have actually occurred during l-NREM sleep (25) (26) (27) (28) 38) . Although we do not know this to be the case, there is strong selection bias toward making awake ventilatory measurements in quiet rats that are not moving because of the limits of whole body plethysmography. It is difficult to discriminate between QW and l-NREM sleep in these conditions. Although we cannot make firm conclusions concerning the reasons that vLTF was not observed during QW in the present study, our data clearly demonstrate that vLTF expression is vigilance state-dependent in Lewis rats.
Although vLTF has not been observed in human subjects during normal wakefulness (20, 24) , vLTF can be induced in awake humans with modest hypercapnia (17) . AIH-induced vLTF is also observed during sleep in humans (1) (2) (3) 40) . From the perspective of ventilatory stability, AIH improves stability during wakefulness in normal human subjects (35) but may destabilize breathing when applied during sleep (12) .
In contrast, awake and sleeping mice exhibit vLTF following AIH, although there are time-dependent differences in the ventilatory patterns giving rise to vLTF (44) . For example, during the first 20 min post-AIH in d-NREM sleep, vLTF largely results from increased VT with minimal change in f. In contrast, the same AIH protocol elicits vLTF via increased f during QW, with only minimal change in VT (44) . However, by 40 min post-AIH, differences in ventilatory pattern among vigilance states are no longer evident, and vLTF is expressed predominantly as increased f in both states.
Our finding that unanesthetized Lewis rats in d-NREM sleep exhibit vLTF following AIH complements the report of Terada and colleagues (44) in mice, although VT contributions to vLTF are larger and persist for a longer period in Lewis rats. However, our finding that vLTF is virtually absent during QW contrasts with the report of vLTF during QW in mice (44) . These differing results may be due to genetic differences (species or strain), differences in the details of vigilance state analysis, or differences in chemoreceptor feedback that restrain the manifestation of vLTF. Terada and colleagues did not distinguish between l-NREM and d-NREM sleep, whereas this distinction was made in the present study. By using 10-s epochs to classify vigilance state, Terada and colleagues were able to carefully define each time epoch; thus, some of the time included as l-NREM sleep in our study may have been represented as QW in their study. With subtle differences in state composition, some of the vLTF reported during l-NREM sleep in the present study may have been apportioned to QW in their study on mice. Since l-NREM is often transitional and difficult to classify, it is not clear which analysis more accurately portrays the vigilance state dependence of vLTF. Another factor that may exaggerate or diminish the apparent VT contribution to vLTF is difference in chemoreceptor feedback elicited by the hypocapnic conditions characteristic of spontaneously breathing animals. For example, in rats, the contribution of VT to vLTF is greatly diminished by hypocapnia attendant to vLTF (38) . Since there are differences in the magnitude of hypercapnic ventilatory responses among mouse (43) and rat (42) strains, chemoreceptor feedback restraint of VT during vLTF may differ among species or even strains of a given species.
Unfortunately, we were unable to quantify vLTF during REM sleep because of the limited duration of REM episodes in our protocol. The existence of vLTF during REM sleep is of considerable interest, since ventilatory instability is a frequent problem during REM sleep. Further investigation of vLTF in REM sleep is warranted, particularly in an animal model with a greater proportion of REM sleep.
Ventilatory patterns during vLTF in d-NREM sleep. Our finding that vLTF during d-NREM sleep in Lewis rats was manifested as changes in f and VT contrasts with most other studies in unanesthetized rats, which primarily report frequency changes (for review see Ref. 9 ). The distinction between VT and f facilitation can be critical in the identification of underlying mechanisms (9, 41) . For example, phrenic LTF in anesthetized rats is primarily expressed as increased nerve burst amplitude (a neural correlate of VT) and has been suggested to result from facilitation of synaptic inputs to respiratory motor neurons (15, 22, 32) . Indeed, AIH elicits a cascade of cellular events operating at the level of the cervical spinal cord to elicit phrenic LTF (7, 8) . By contrast, the most common manifestation of vLTF in earlier studies of unanesthetized rats (presumed to be awake) is increased f (for review see Ref. 9); f LTF is generally attributed to facilitation of brain stem respiratory neurons that generate respiratory rhythm (32, 41) , although plasticity in synaptic pathways from primary afferent neurons to brain stem rhythm-generating neurons cannot be excluded with currently available data (9) .
We suggest that VT LTF in unanesthetized Lewis rats during d-NREM sleep is due, at least in part, to cellular/synaptic mechanisms similar to phrenic LTF in anesthetized rats, i.e., facilitation of spinal synaptic inputs to phrenic motor neurons. Thus, mechanistic studies of phrenic LTF in anesthetized rats likely pertain to unanesthetized, spontaneously breathing animals, particularly during sleep. Factors distinguishing vLTF capacity during d-NREM sleep and QW remain to be explored.
Pattern sensitivity of vLTF. A hallmark of respiratory LTF is its pattern sensitivity; phrenic LTF is induced by intermittent, but not sustained, hypoxia of the same cumulative duration (5, 6) . In unanesthetized animals, Turner and Mitchell (45) demonstrated that 10 hypoxic episodes elicit vLTF in awake goats, whereas sustained hypoxia does not (14) . Subsequently, Olson and colleagues (38) confirmed vLTF pattern sensitivity in unanesthetized rats (i.e., AIH, but not ASH, induced vLTF), similar to more recent reports in mice (44) . Here, we confirm that AIH, but not ASH, induces vLTF during d-NREM sleep in Lewis rats.
Conclusions. vLTF in unanesthetized Lewis rats is exquisitely sensitive to changes in vigilance state. During d-NREM sleep, vLTF expression is similar to phrenic LTF in anesthetized rats, suggesting that vLTF and phrenic LTF are different manifestations of the same fundamental mechanism. Investigations concerning neural mechanisms of phrenic LTF are likely to be relevant in unanesthetized animals, particularly during sleep. Any consideration of vLTF and its physiological significance must consider its state dependence.
